ABSTRACT
INTRODUCTION
Neuropeptides are known to exert powerful effects on motor networks in both invertebrates (Harris-Warrick and Marder, 1991) and vertebrates (LeBeau et al., 2005) and can modulate locomotor behavior generated by the rodent spinal cord (Barriere et al., 2005; Pearson et al., 2003) . Several classes of spinal neuron, including motoneurons express CCK or the CCK receptor suggesting that it has an important role in spinal cord function (Cortes et al., 1990; Truitt et al., 2003; Schiffmann et al., 1991) .
Cholecystokinin (CCK) and the CCK family of peptides, originally isolated from the gastrointestinal tract, were among the first of the gastrointestinal peptides to be localized in the central nervous system (Vanderhaeghen et al., 1975) . In brain, the predominant molecular form is the octapeptide (CCK-8) in its sulfated form, CCK-8s (Rehfeld, 1978) . As one of the most abundant peptides with a wide distribution in various regions of the CNS, CCK has been implicated in a diversity of brain functions (reviewed in Crawley and Corwin, 1994 ). CCK's actions are mediated via two classes of receptor, designated as CCK A and CCK B subtypes, with a distribution that varies both among regions and between neurons (Honda et al., 1993; reviewed by Noble et al., 1999) . In the spinal cord, CCK-like immunoreactive fibers originate in part from local CCK-containing neurons, but also from neurons in higher central regions (Cortes et al., 4 physiologically important role in CNS development. Although, functional receptors for CCK have been reported in neonatal spinal cord explants (e.g. Suzue et al., 1981) and culture preparations (e.g. Rogawski et al. 1985) , there are few reports on the effects of CCK on neuronal excitability in the neonatal spinal cord. In an earlier study (Suzue et al., 1981) , recordings from lumbar ventral roots or intracellular recordings from motoneurons in isolated hemisected spinal cord of 0-4 day old rats revealed a depolarizing action of CCK-8. In another study depolarized neurons in Lamina X (Phelan and Newton 2000) .
In the present study, we used patch clamp and extracellular recordings to evaluate functional evidence for CCK receptors, define receptor subtype, and characterize possible mechanisms of CCK receptor-mediated conductances. We now report that motoneurons and unidentified ventral horn neurons in the neonatal rat spinal cord display CCK-8s induced membrane depolarization and inward currents that may differentially engage separate conductances: a potassium conductance in motoneurons, and/or a presumed non-selective cationic conductance in unidentified neurons. Furthermore, we demonstrate that activation of CCK receptors increases the amplitude and discharge of spontaneous depolarizations recorded from the ventral roots of the isolated neonatal mouse spinal cord. composed of (in mM) 127 NaCl, 26 NaHCO 3 , 3.1 KCl, 1.2 MgCl 2 , 2.4 CaCl 2 and 10 D-glucose (pH 7.35; osmolarity 290 -305 mOsmol.) and gassed with 95 % O 2 -5 % CO 2 . Transverse 350 -450 micron sections from the T7 to L5 segments were cut on a vibratome, equilibrated in ACSF at room temperature for 1 hour and continuously superfused at 4 -6 ml/min in a recording chamber (volume 500 µl).
RESULTS

Fig 1 hear here
Motoneurons
Data obtained from 45 motoneurons located within Rexed laminae VIII and IX displayed a mean resting membrane potential of -74.6 ± 2.1 mV, mean input resistance of 64.3 ± 4.2 M and mean resting conductance of 14.2 ± 2.3 nS (mean age=7.8 ± 0.6 days). In 19 / 21 neurons tested in current clamp mode, bath application of CCK-8s (1 µM; 30 sec) initiated a slowly rising (60-90 sec to peak) membrane depolarization that reached a plateau of 14.1 ± 1.8 mV (n= 17) sufficient to trigger a burst of action potentials in 2 cells (Fig 1A) . Washout intervals of 20-30 minutes were required to obtain full r ecovery. Whereas application of CCK B receptor antagonist L-365,260 (1 µM; n=5) was without effect on resting membrane properties, this agent significantly suppressed subsequent responses to CCK-8s (1.4 ± 1.2 mV versus 14.2 ± 3.1 mV controls, paired t-test, P<0.05; Fig 1A) . The CCK A receptor antagonist L-364,718 (1 µM; n=4) did not affect CCK-8s-induced depolarizations (12.4 ± 1.6 mV versus 15.3 ± 3.4 mV controls, paired t-test, P>0.05; Fig 1B) . Compared to CCK-8s controls (13.4 ± 2.1 mV, n=9 cells), responses to applications of non-sulfated CCK-8 (CCK-8ns, 1 µM, n=4 cells, 2.2 ± 1.4 mV; paired t-test, P<0.05) or to the tetrapeptide CCK-4 (1 µM, n=4 cells, 1.7 ± 0.9 mV; paired t-test, P<0.05) were significantly weaker (Fig. 1C) . Under voltage clamp (V H -65 mV) and in the presence of 1 µM TTX, 22 / 24 motoneurons tested (mean age=7.4 ± 0.7 days) responded to bath applied CCK-8s (1 µM) with a slowly rising inward current with a mean peak of -136 ± 28 pA and slow recovery over 7 to 10 8 minutes (Fig 2A) . Responses to CCK-8s were concentration dependent, displaying an EC 50 of 347 nM (Fig 2B; n= 22 cells) . Comparison of instantaneous I-V plots before and at the peak of the CCK-8s responses revealed net CCK-8s currents (difference between control and peak CCK8s effect) whose slope indicated a 16.2 % reduction in membrane conductance (from 12.1 ± 1.8 nS to 10.3 ± 1.6 nS; n= 7 cells, paired t-test; P<0.05). The mean net CCK-8s current reversed at -94.9 ± 4.3 mV, approximating the estimated equilibrium potential for potassium ions under these conditions (Fig. 2C, gray symbols) . In 4 cells, increasing the extracellular concentration of K + to 10 mM resulted in a shift of the reversal potential to -67 ± 2 mV ( Fig 2C, solid symbols) , close to the Nernstian predicted equilibrium potential, further implying mediation via potassium channels.
Figure 2 near here
Unidentified neurons
A population of 97 cells (mean age=7.2 ± 0.4 days) that we collectively labeled as 'unidentified' based on the absence of antidromic activation displayed a significantly less negative resting membrane potential of -61.7 ± 1.7 mV (-74.6 ± 2.1 mV for motoneurons, CCK-8s (1 µM) with a mean inward peak current of -42.6 ± 5.6 pA. Although different in magnitude from the response in motoneurons, the time course of these CCK-8s-induced currents 9 was virtually identical (compare Figs 2A and 3A) . While the collective data on voltage-current relationships obtained at the peak of the responses indicated a decrease in membrane conductance (from a control value of 5.3 ± 0.7 nS to 4.9 ± 0.6 nS, paired t-test; P<0.05), a comparison of the net CCK-8s-induced currents for 29 individual cells revealed 3 significantly different patterns (Fig 3B) . In 16 neurons, net CCK-8s-induced conductance decreased from a control of 5.4 ± 0. 8 nS to 4.6 ± 0.6 nS (14.8 % decrease, paired t-test; P<0.05; mean age= 6.9 ± 0.4 days) and reversed at -103.8 ± 4.7 mV, similar to data from the motoneuron population that implied mediation via reduction in conductance for potassium ions. By contrast, in 4 neurons, the slope of the net CCK-8s current reflected an increase in conductance from 4.7 ± 0.6 nS to 5.4 ± 0.9 nS (15.1 % increase, paired t-test; P<0.05; mean age= 6.8 ± 0.8 days) with current reversal at -37.9 ± 3.2 mV, a value that could reflect mediation of the CCK-8s response via increase in a non-selective cationic conductance. In the remaining 9 cells, the mean net CCK-8s-induced current displayed a slight (5.7 %) decrease in membrane conductance (from 5.5 ± 1.1 nS to 5.2 ± 1.2 nS, paired t-test; P>0.05; mean age=7.1 ± 0.7 days), with no reversal within the voltage range tested.
Fig 3 near here
Since CCK receptors belong to the family of G-protein coupled receptors, we first compared the control data where pipettes contain ed GTP (1 mM) with data obtained 10 min after establishment of seals using pipettes that contained GTP--S (0.5 mM), a nonhydrolyzable derivative of GTP that activates G-protein in an irreversible manner (Gilman, 1987) . For 6 / 6 cells responding to CCK-8s (1 µM), the mean amplitude of response (-42.1 ± 4.8 pA) was not significantly different from controls (-40.7 ± 4.1 pA, unpaired t-test; P>0.05), but the recovery phase was greatly prolonged by the presence of GTP--S in the pipette (Fig 4A) . Of the 6 cells treated with GTP--S, membrane conductance decreased in three cells (reversed close to E K+ ), increased in one cell (reversed close to -40 mV), and was unchanged in the remaining two cells (with no reversal potential detected in the range of -10 to -120 mV). We also dialyzed 8 cells with GDP--S (1 mM for 10 min), a stable analogue of GDP that competitively inhibits Gprotein binding by GTP (Gilman, 1987) . In 6 responding cells, mean CCK-8s-induced inward current was significantly reduced (-12.7 ± 3.1 pA) by contrast with the -42.4 ± 5.6 pA recorded in the 29 control cells (P< 0.05, Student's unpaired t-test, Fig 4B) .
Fig 4 near here
Treatment with pertussis toxin (PTX) or N-ethylmaleimide (NEM) has been reported to uncouple the receptors from their associated G i/o type G-proteins (Gilman, 1987; Shapiro et al., 1994) . To evaluate the role of PTX-sensitive G proteins on CCK-8s-induced currents, slices were incubated for 12 to 18 hours either in ACSF or in ACSF containing PTX (5 µg / ml) and the magnitudes of the CCK-8s-induced currents compared. In similarly incubated control slices, CCK-8s induced a mean inward current of -39.3 ± 3.7 pA (n= 5). By contrast, the mean CCK8s-induced inward current was significantly reduced to -22.4 ± 2.9 pA in neurons from PTX treated slices (Fig 4B, n=7 , P< 0.05, Student's unpaired t-test). The mean amplitude of CCK-8s-induced inward currents in motoneurons (-127.1 ± 24.3 pA in controls; n=5) was also significantly reduced to -53.7 ± 12.6 pA in motoneurons (n=6; P<0.05, Student's unpaired t-test) from PTX treated slices. We also tested bath applied N-ethylmaleimide (NEM; 50 µM), a sulfhydryl-alkylating agent shown to block G-protein-effector interactions by alkylating the -subunits of PTXsensitive GTP-binding protein (Shapiro et al., 1994) . The advantage with NEM is that it allows examination of CCK-8s-induced currents before and after inhibition of PTX sensitive G-proteins within the same cell. In 6 control cells, the current induced by a second application of CCK within 20-30 minutes of the first application showed no significant reduction (-43.7 ± 3.3 pA versus -40.3 ± 3.9 pA, paired t-test; P>0.05, Fig 5A) . In another 22 cells thus evaluated, the mean CCK-8s-induced inward current of -36.4 ± 2.8 pA was significantly reduced to -19.8 ± 2.2 pA (paired t-test; P<0.05) when re-tested with CCK 20-30 minutes later, following a 5 min pre-treatment with NEM ( Fig 5A) . When I-V relationships were further examined, these results applied to 12 cells where the net CCK-induced current reversed at -101.4 ± 5.1 mV, with the CCK-induced membrane conductance decreasing from 5.2 ± 0.4 nS to 4.4 ± 0.3 nS (paired t-test; P<0.05) after NEM (Fig 5B) . In 4 other cells where the net CCK-induced current reversed at -38.7 ± 4.3 mV, mean membrane conductance increased from 4.9 ± 0.5 nS to 5.3 ± 0.7 nS (paired t-test; P<0.05) after NEM (Fig 5C) . In the remaining 6 cells with no obvious net current reversals, mean membrane conductance decreased marginally from 5.5 ± 1.1 nS to 5.2 ± 0.9 nS (paired t-test; P>0.05) after NEM (Fig 5D) .
Fig 5 near here
Ventral root recordings
To assess whether the depolarizing effects of CCK-8s on ventral horn neurons are related to functionally relevant spinal cord outputs, the effects of CCK-8s on motor output were 12 examined in the isolated spinal cord of the neonatal mouse. Under control conditions, we recorded spontaneous depolarizations and discharge from the lumbar ventral roots as described in an earlier report (Whelan et al., 2000) . Fig. 6 shows that bath-application of increased the amplitude and discharge of spontaneous depolarizations recorded from the lumbosacral ventral roots. since responses were sensitive to pretreatment with a selective CCK B receptor antagonist, L-365,260. In the present study, the observation that CCK-8ns and CCK-4 had weak activity compared with CCK-8s also suggests that the actions of CCK-8 on ventral horn neurons are mediated by a receptor similar to that characterized in brain (Innis and Snyder, 1980; Saito et al., 1980) and spinal cord (Rogawski, 1982; Rogawski et al., 1985) by radioligand binding where CCK-8ns displayed a 10-50 fold lower affinity than CCK-8s. Collectively, these observations provide support for a functional role of postsynaptic CCK-receptors, and indicate that their activation can enhance the excitability of both motoneurons and other unidentified neurons in the neonatal rat and mouse ventral spinal cord.
Our analyses of I-V relationships suggest that more than one membrane conductance underlies the depolarizing action of CCK-8s. In both motoneurons and a subpopulation of unidentified neurons, the CCK-8s-induced inward currents were associated with reduction in a membrane conductance that reversed close to the potassium equilibrium potential, and shifted appropriately with the transmembrane potassium gradient. In these neurons, the linearity and reversal potential for the net CCK-8s-induced currents indicate involvement of a voltageindependent potassium conductance that contributes to resting membrane potential, often referred to as a leak conductance. Similar potassium-mediated responses to CCK-8s can be seen in rat solitary complex neurons (Branchereau et al., 1993) By contrast with the responses observed in motoneurons, the CCK-8s-induced inward currents in a population of unidentified neurons were associated with an increase in membrane conductance that reversed around 30 mV, suggestive of a non-selective cationic conductance. This is similar to the CCK-8s-induced responses in rat supraoptic neurons where net currents also reverse close to 40 mV (Jarvis et al., 1992) . In rat neostriatal neurons, net CCK-8s currents reverse around 10 mV (Wu and Wang, 1996) . Whether these differences reflect variations in underlying cationic conductances remains to be clarified, but they do suggest cell specificity in coupling of CCK receptors to ion channels. Moreover, we speculate that in some neurons, CCK receptors can couple to both potassium and cationic conductances, in which situation the effects of the conductance increase and decrease are balanced causing no net change (a nearly parallel shift), as observed here in a subpopulation of ventral horn unidentified neurons. We presently lack data over a broader age range that might indicate a role for development influences on how these CCK receptors couple to the different conductances throughout and beyond the neonatal , 2000) . Issues that arise from these observations include the source of the endogenous ligands for these receptors, and the possible physiological roles for these peptide receptors on neuronal function in the neonatal period. One source may derive from the cerebrospinal fluid, which is known to contain a variety of neuropeptides, some of which (e.g. vasopressin) exhibit a circadian rhythmicity in their concentrations (see Reppert et al., 1987) .
Although information is lacking about their development in the neonatal period, fibers displaying CCK-like immunoreactivity that originate from brain stem and midbrain sources have been observed in adult spinal cord (e.g. Skirboll et al., 1983; Maciewicz et al., 1984; Mantyh and Hunt, 1984) . Regardless of origin, CCK receptors may have specific functional links to neuronal development and survival (reviewed in Tirassa et al., 2002) . This is suggested by their ability to undergo developmental changes (Cho et al., 1983) , to modulate neurite outgrowth and by their neurotrophic action in cultured ventral spinal cord neurons (Iwasaki et al., 1989a,b) , and to participate in recovery following axotomy in adults (Saika et al., 1991; Schiffmann et al., 1991; Palkovits, 1995) . It is also possible that their influence on excitability of neonatal spinal cord neurons is important for their subsequent development (see below).
CCK-8s administration increased the frequency of spontaneous depolarizations and discharge recorded from the ventral roots. Because the ventral roots contain preganglionic autonomic and somatic motoneuronal axons, ventral root recordings may reflect activity from both sources. However, we believe that somatic motoneuronal activity provides the dominant contribution to the slow ventral root potentials. This is because the slow potentials are electrotonically propagated population synaptic potentials generated in neuronal somata and proximal dendrites. The preganglionic autonomic somata are ~100-200 microns further than motoneuronal cell bodies from the recording site at the ventral roots, which will result in a The upper trace shows the raw ventral root potentials, and lower trace, the high-pass (100 Hz) filtered ventral root discharge. 
